Abstract-A compact multiband (GSM/DCS/PCS/UMTS/Bluetooth/WLANs/Wi-MAX) planar monopole antenna, which contains multiple branches, is proposed in this work.
INTRODUCTION
Due to the success of emerging smart phone market, modern mobile communication devices tend to integrate multiple communication systems into a portable handset. Take the iPhone for example: the 4.8 ounce handset includes UMTS/HSDPA, GSM/EDGE, WiFi, Bluetooth and GPS as well. Since each communication protocol may operate in a distinctive frequency band, instead of using several antennas, it is highly desirable to have one broadband or multi-band antenna to meet the antenna needs of multiple systems.
On top of the multiple band operation requirement, the smart phone antenna also needs to be compact with a low profile so that the antenna can be easily integrated with the circuit board and the handset enclosure. Furthermore, the antenna must provide reasonable radiation efficiency and a largely isotropic radiation pattern to ensure the connection quality.
Most current multiband antenna designs used for mobile devices can be categorized into three types: planar inverted-F antennas (PIFAs), monopole antennas and slot-type antennas. In general, a PIFA antenna contains a ground plane, a top patch, a shorting pin and a feed structure. The top patch acts as a quarter-wavelength resonator and may contain one or several slots to produce multiple resonant modes. Different techniques have been applied to PIFA design to provide multiple band operation and performance enhancement. In [1] [2] [3] , L-shaped and U-shaped slots are used, while fractal apertures are added in [4] to increase the resonant path and therefore reduce the antenna size. Shorted parasitic patches with capacitive loads and slots are used in [5] to achieve multiband and wideband operations. In [6] , dual band operation is achieved by inserting two long slots to provide two resonant modes, while F-shaped and rectangular slots are used to accomplish dual mode resonance in [7, 8] . In [9] , a pair of slits is added to the main patch and is excited by a modified coplanar waveguide feed. In [10] , an open-ended slot is cut on the ground to broaden the bandwidth. In [11] , multiband operation is achieved by cutting embedded slots and via holes in the radiating patch. In [12] , a PIFA antenna with electronically turnable band is achieved by adding a varactor. In summary, the PIFA antenna provides several desirable properties such as planar configuration and multiband operation while the antenna bandwidth of individual mode is limited [13] and its 3D structure may be challenging in fabrication.
The planar monopole, on the other hand, has a wider input impedance bandwidth and can easily cope with the PCB fabrication process. Multiband operation can be facilitated via several techniques. In [14] [15] [16] , two or more branches, and even fractal patterns are added to the monopole design to excite multiple resonant bands. Jang and Kim implement a two branches monopole on a dielectric loading to further minimize the antenna size [17] . In [18] [19] [20] [21] [22] , slots of various geometries are cut into the radiator and ground plane to provide multiple resonant modes. Capacitive and inductive loading/de-loading techniques are also seen in [23] [24] [25] [26] [27] [28] [29] to reduce the antenna size and increase the antenna bandwidth. Similarly, the antenna bandwidth is enhanced by the mutual coupling between the S-strips and the Tstrip in [30] . Also, parallel combination of slot and PIFA are found implemented on handset antenna designs [31] [32] [33] .
In this paper, a multiband antenna which covers the GSM, DCS, The antenna geometry and design methods are described in Section 2. Comparisons of simulated and measurement results are presented in Section 3, followed by a conclusion of this work.
ANTENNA DESIGN
The configuration of the proposed planar multiband antenna is illustrated in Figure 1 . Table 1 lists detailed dimensions of the antenna design. The substrate used is FR4 (ε r = 4.4) and the thickness is 0.8 mm. The antenna is located on the top surface of the substrate while a ground of 60 mm × 36 mm is placed on the back. A microstrip line is used to feed the antenna. The antenna contains four branches on the front and one parasitic element in the back. In principle, the branches operate in quarter wavelength resonance modes. The triangular branch to the left is designated to provide the Wi-MAX band (3.3-3.8 GHz) operation. Its tapered structure is used to reduce coupling with other branches. The meandered radiator to the right comprises three branches. The tiny stub near the ground is intended to operate in the higher ISM band (5.15-5.35, 5.75-5.85 GHz). The length from the feed point to the stub's end is approximately 14.7 mm, which is close to quarter wavelength in that band. The radiator to the right contains two other branches. One makes a loop in the middle while the other meandered around the perimeter of the antenna region. The long branch on the outside is used to offer the lower GSM band operation, while the middle loop is aimed to GSM/DCS/PCS/UMTS uses around 2 GHz. Strong coupling occurs between the loop and meandered branches due to close proximity. Therefore, a geometric change in one branch not only affects the resonant frequency and impedance matching in its own band, but the other bands as well. For example, by adding a wide tapered strip at the end of the meandered branch, not only the resonant frequency of the meandered branch is shifted from 1.1 GHz to 940 MHz, a better impedance matching is achieved around 2 GHz for the loop branch. Finally, the lower ISM band (2.4-2.48 GHz) operation is provided with a parasitic element attached to the back of the loop branch. This element on the back runs in parallel with the loop on the front. Total length of sections L 27 through L 30 is 31.5 mm, which is close to a quarter wavelength at the desired band. Lengths and widths of end sections L 31 and L 32 are tuned via a simulation tool, HFSS, to optimize its matching performance. This approach eliminates the use of another branch and hence helps in antenna size reduction.
Simulations are performed to verify the effectiveness of aforementioned design approaches. Figure 2 shows that by making the middle branch as a closed loop, a relatively broad band is created between 1.5 to 2.2 GHz. Figure 3 shows the added tapered strip at the end of the meandered branch helps to lower the resonant frequencies of both upper and lower GSM bands. Figure 4 illustrates that an additional notch is created by the parasitic element. 
RESULTS AND DISCUSSION
The simulated current distributions of the multiband antenna are shown in Figure 5 . At 940 MHz, the current travels mostly along the outer branch in Figure 5(a) . The currents may cancel each other in region 1, so that the overall branch length is greater than one-quarter wavelength. For 1.9 GHz excitation, the current distribution has two paths as shown in Figure 5(b) . Due to mutual coupling effect, the bandwidth is enhanced. For the 2.44 GHz result shown in Figure 5 (c), the current is coupled from the top layer to the bottom layer. The overall current length approximates to a quarter wavelength. The 3.6 GHz current distribution shown in Figure 5(d) is concentrated on the left strip. Similar behaviour is observed for the 5.8 GHz current shown in Figure 5 (e). The simulation results show that the wider strips improve the bandwidth performance in general. The fabricated prototype antenna is shown in Figure 6 . The simulated and measured The radiation patterns were measured in a 3D spherical nearfield chamber. Co-and cross-polarization radiation patterns on XY -, XZand Y Z-planes are exhibited in Figure 8 to Figure 15 for various frequencies. Below 2.5 GHz, the antenna is relatively small in terms of wavelength. The radiation patterns are in general isotropic without preferred plane or polarization. The Y Z-plane patterns are somewhat omnidirectional at 1.82, 1.9 and 2.48 GHz. At higher frequency bands, the antenna structure becomes larger electrically. The measured patterns are volatile with apparent nulls on specific planes. The measured antenna gain maxima and total efficiencies are tabulated in Table 2 . Since reflection coefficients are less than −10 dB for most operation bands, the measured total efficiency is close to the antenna's radiation efficiency. The minimum efficiency observed is 42%, and the antenna is particularly efficient at lower bands. The corresponding peak gains confirm that the antenna is largely omnidirectional below 2.5 GHz and somewhat directive above 3.3 GHz. The highest peak gain observed is 5.91 dBi at 5.15 GHz. Above results demonstrate that the proposed antenna, which is based on the monopole configuration, provides good radiation efficiency and isotropic radiation patterns in most bands. Nevertheless, the monopole antenna configuration, which utilizes the ground as part of its radiator, is in general susceptible to coupling from nearby objects. Therefore we performed a couple of reflection coefficient measurements with the PCB test bench held by hand or placed near the human head. Figure 16 (a) compares the baseline measurement, which is done without nearby obstruction, and the one with a hand holding the lower part of the test bench. Plots show that except bands near 2 GHz, which are generated from the branch nearest to the ground, other bands suffer only limited shifts and matching performance degradation. These results show the proposed design, which places all antenna branches as farther away from the hand as possible, is resilient to interference from the user's body at a certain degree. Figure 16 (b) presents the result of placing another metal sheet, which is as large as the ground plane, behind the PCB board by 10 mm. The curve makes little difference to the baseline result. This result indicates the device enclosure, which may contain some conducting parts, should be included in the design tuning phase to ensure that interaction between the antenna and the user is limited and the radiation toward user's head is suppressed.
(a) (b) Figure 16 . Measured reflection coefficient spectra of various test bench setups. (a) baseline and test bench held in hand, (b) baseline and a metal plane placed behind test bench by 10 mm.
CONCLUSION
A compact planar multiband antenna based on the multi-branch monopole configuration is developed in this work. The measured return spectrum complies with the frequency needs of GSM, DCS, PCS, UMTS, Bluetooth, WLAN and WiMAX applications. The proposed antenna design exhibits a compact size and largely omnidirectional radiation patterns. Since the antenna can be integrated with the PCB board and occupies a small area, it is particularly attractive for portable devices such as smart phones and PDAs.
